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Background: Culicoides biting midges are vectors of bluetongue and Schmallenberg viruses that inflict large-scale
disease epidemics in ruminant livestock in Europe. Methods based on morphological characteristics and sequencing
of genetic markers are most commonly employed to differentiate Culicoides to species level. Proteomic methods,
however, are also increasingly being used as an alternative method of identification. These techniques have the
potential to be rapid and may also offer advantages over DNA-based techniques. The aim of this proof-of-principle
study was to develop a simple MALDI-MS based method to differentiate Culicoides from different species by peptide
patterns with the additional option of identifying discriminating peptides.
Methods: Proteins extracted from 7 Culicoides species were digested and resulting peptides purified. Peptide mass
fingerprint (PMF) spectra were recorded using matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF-MS) and peak patterns analysed in R using the MALDIquant R package. Additionally, offline
liquid chromatography (LC) MALDI-TOF tandem mass spectrometry (MS/MS) was applied to determine the identity
of peptide peaks in one exemplary MALDI spectrum obtained using an unfractionated extract.
Results: We showed that the majority of Culicoides species yielded reproducible mass spectra with peak patterns
that were suitable for classification. The dendrogram obtained by MS showed tentative similarities to a dendrogram
generated from cytochrome oxidase I (COX1) sequences. Using offline LC-MALDI-TOF-MS/MS we determined the
identity of 28 peptide peaks observed in one MALDI spectrum in a mass range from 1.1 to 3.1 kDa. All identified
peptides were identical to other dipteran species and derived from one of five highly abundant proteins due to
an absence of available Culicoides data.
Conclusion: Shotgun mass mapping by MALDI-TOF-MS has been shown to be compatible with morphological
and genetic identification of specimens. Furthermore, the method performs at least as well as an alternative approach
based on MS spectra of intact proteins, thus establishing the procedure as a method in its own right, with the additional
option of concurrently using the same samples in other MS-based applications for protein identifications. The future
availability of genomic information for different Culicoides species may enable a more stringent peptide detection based
on Culicoides-specific sequence information.
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Culicoides biting midges (Diptera: Ceratopogionidae)
have been identified as the primary biological vectors of
bluetongue virus (BTV) and Schmallenberg virus (SBV)
during recent, unprecedented epizootics of these viruses
in northern Europe [1,2]. These viruses inflict clinical
disease in domesticated and wild ruminant host species
along with certain species of deer and camelids [3]. The
recent emergence of BTV (in 2006) and SBV (in 2011)
has demonstrated that there is a potential for further
emergence of Culicoides-borne pathogens in the future,
although the likelihood of this occurring cannot cur-
rently be quantified as the route of entry has not been
convincingly determined [4].
The reliable identification of Culicoides to species level
is an important pre-requisite to studying their occur-
rence and role as vectors, as even closely related species
can vary significantly in their ecology. While morpho-
logical identification of Culicoides can be subjective,
time-consuming [5,6] and may require microscopic dis-
section and slide-mounting of body parts [7], it remains
the technique most commonly employed. Discrimination
of cryptic or sibling species and variations within species
groups by morphological characteristics, however, is not
always achievable [8].
Assays based on the polymerase chain reaction (PCR)
have provided an alternative, relatively robust and ob-
jective tool for species determination with a high speci-
ficity, reproducibility and sensitivity. These assays are
based on the sequencing and phylogenetic comparison
of mitochondrial or nuclear DNA marker regions, of
which the most commonly utilized is the cytochrome
oxidase subunit 1 (COX1) gene [9-12]. Additional re-
gions that have been used but in some cases led to con-
flicting results include the internal transcribed spacer 1
(ITS-1; [13-15]) or 2 (ITS-2; [16,17]). While a common
framework for production and standardization of COX1
marker sequences and voucher specimens has been sug-
gested through the ‘barcode of life’ initiative [18], full
compliance with standards set out for submission is
rare as a whole and has largely not been achieved for
Culicoides.
In addition to sequencing, multiplex PCR assays have
also been developed in conventional and real-time PCR
formats to allow rapid differentiation of Culicoides in
cryptic species groups [9,11,13,14,19-23]. These have
largely concentrated upon females of the Avaritia sub-
genus, of which C. obsoletus and C. scoticus in particular
are challenging to discriminate by morphology. While
these techniques enable significant numbers of Culi-
coides to be processed entirely to species level for certain
studies, they are generally limited to those requiring
a maximum of several thousand individuals by cost
considerations. A potential means of overcoming thislimitation may lie in the use of quantitative real-time
PCR assays that can be used to define species abundance
in homogenized samples [19], although these have yet to
be utilized in large-scale studies.
As an alternative molecular technique for the reliable
identification of species, detection of peptides and proteins
via matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) has emerged
during the last decade. In this approach, which is also
termed intact protein profiling (IPP), spectra from mix-
tures of extracted proteins are recorded by MALDI-TOF-
MS, utilizing its capability to ionize and measure proteins
in the range from 0.5-200 kDa (although in practice the
majority of detectable proteins usually lie below 10 kDa).
IPP in conjunction with MALDI-TOF-MS has been widely
used for the identification of clinically relevant microor-
ganisms [24-31] and for metazoans including plants [32],
fish [33] and arthropods [34-39] on the basis of their
(predominantly low molecular weight) proteins. In insects,
IPP has been successfully applied to the identification of
species from the families Aphididae [34] and Culicidae
[40] and the genera Drosophila [35,36], Anopheles [37],
Glossina [41] and Culicoides [42]. An IPP-based discrimin-
ation of different species has been carried out as well for
ticks [38,39]. The approach is not suitable, however, for
sequence analysis and detection of specific proteins by
tandem mass spectrometry (MS/MS) and is restricted by
its relatively low resolution and limited sensitivity for larger
masses.
A complementary method to IPP is peptide mass
fingerprinting, also commonly termed shotgun mass
mapping (SMM). In this procedure, crude extracts from
whole cells or biopsies are subjected to proteolytic hy-
drolysis by trypsin without any pre-fractionation, and
the resulting peptide-containing mixtures may be sub-
jected to MALDI-MS analysis without additional clean-
up steps [24]. Spectra recorded by this strategy have
been used to detect the presence of cancer in cells
[43,44] or for bacteria species identification [45,46]. Al-
though analyzing peptides instead of whole proteins re-
quires a somewhat more elaborate sample preparation, this
approach offers several advantages over conventional ana-
lyses. Firstly, it exploits the high resolution MALDI-MS of-
fers especially in the lower mass range (which can be
enhanced even more since for this range the reflector
modus of the MS can be used) of 500–4.000 Da relevant
for proteolytic peptides, which leads to a significant in-
crease in the number of peaks available for species differ-
entiation. Secondly, the optional ion fragmentation yields
sequence-specific spectra, from which species affiliation
may be derived if a sufficiently complete genomic dataset
for the respective species is available.
Despite the potential use of SMM, so far no study has
attempted to use it in the context of species discrimination
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study therefore assesses the feasibility of this approach
and additionally evaluates its possible benefits over IPP by
differentiating seven Culicoides species through MALDI-




All chemicals and solvents were of pro analysis quality
and purchased from Sigma (Taufkirchen, Germany),
Merck (Darmstadt, Germany), Bruker Daltonics (Bremen,
Germany) and Bio-Rad (Munich, Germany). High purity
water was obtained by an Ultra Clear UV plus system from
SG GmbH (Barsbüttel, Germany).
Culicoides samples used, protein extraction and
tryptic digestion
Culicoides were collected as part of a surveillance
scheme using light-suction traps conducted in the
United Kingdom. Female Culicoides of six different
species were identified and the laboratory-reared species
C. nubeculosus was also used during analysis. Samples
were stored in 70% ethanol. Prior to sample preparation,
every specimen was examined to ensure a lack of physical
damage following shipping to the UFZ. For protein ex-
traction, Culicoides were transferred individually into re-
action tubes and placed in a vacuum centrifuge for 30 to
60 min to remove residual liquid. 20 μL of 7 mol/L (M)
urea in 100 mM ammonium bicarbonate [(NH4) HCO3]
was then added to each tube. The Culicoides were ground
thoroughly with a pestle and the resulting homogenates
sonicated with 5 pulses of 0.2 s length and 20% of the
maximal amplitude with an UP 50 H lab homogenizer
(Hielscher Ultrasonics GmbH, Teltow, Germany). Pro-
tein concentrations were then determined using the
Quick Start Bradford Protein Assay (Bio-Rad Laboratories
GmbH, Munich, Germany).
Reduction and alkylation were carried out by addition
of 1 μL of 1 M dithiothreitol (DTT) in 100 mM (NH4)
HCO3 and samples were then incubated for 1 h at 37°C,
followed by addition of 20 μL of 200 mM iodoacetamide
in 100 mM (NH4) HCO3 and a further incubation for
1 h in darkness at ambient room temperature. Following
addition of 4 μL of 1 M DTT, samples were diluted with
60 μL of 100 mM (NH4) HCO3. At this point an aliquot
of 10 μL of each homogenate was transferred to a reaction
tube, mixed with 200 μL RAV1 buffer (NucleoSpin® 96
RNA Kit, Marchery-Nagel, Düren, Germany) and sent to
the Friedrich-Loeffler-Institut (FLI) for DNA sequencing.
Specimens for which species affiliation could either
not be determined by PCR and sequencing, or where the
sequences and entomological analyses provided contra-
dictory results or which apparently contained host bloodduring sample preparation were deemed unsuitable for
analysis and excluded from the study (five individuals
in total). 1 μL (specimens belonging to the obsoletus
group) or 2.5 μL (specimens belonging to the pulicaris
group or C. nubeculosus) of 0.1 μg/μL trypsin were
added to the residual homogenate. Protein digestions
were carried out overnight at 37°C and stopped by
addition of 1 μL formic acid (FA; >85%). After removal of
insoluble material by centrifugation for 10 s, tryptic pep-
tides were extracted and purified using C18-ZipTip pip-
ette tips according to the manufacturer’s instructions,
and stepwise elution was performed with 10 μL of 30%
and 80% acetonitrile (ACN) containing 0.1% FA. Eluted
peptides were vacuum-dried and stored at −20°C prior to
analysis. Total preparation time is estimated to be ap-
proximately 30 min per sample, with an additional 15 h
for overnight incubation.
DNA extraction, PCR amplification and automated
DNA sequencing
Partial COX1 sequences were used to identify Culicoides
biting midges at species level. For this, 100 μL of the
Culicoides-RAV1-buffer homogenate were mixed with
100 μL of minimal essential medium with 5% foetal bo-
vine serum. Total DNA from single midges was ex-
tracted using High Pure PCR Template Preparation kit
(Roche) according to the manufacturer’s instructions and
was eluted in 100 μL. Sequences of 507 to 537 bp length of
the COX1 gene from individual Culicoides were amplified
with modified versions of genus-specific (“pan-Culicoides”)
forward and reverse primers, as described by Dallas
et al. [10] using the QuantiTect Multiplex PCR NoRox
Kit (Qiagen; for primer sequences, see supplementary
Additional file 1 Table S1). A total of 5 μL eluted sample
was used for the PCR reaction. The thermal profile for
amplification was 15 min at 95°C, followed by 42 cycles
of 45 s at 95°C, 30 s at 60°C and 35 s at 72°C and a final
step of 5 min at 72°C in a Mastercycler epgradient S ther-
mocycler (Eppendorf ).
PCR products were visualised using electrophoresis in
1.5% agarose gels by ethidium bromide staining and ex-
tracted using the QIAquick Gel Extraction kit (Qiagen)
according to the manufacturer’s instructions. The ampli-
cons were sequenced bidirectionally with the previously
described primers using the BigDye Terminator v1.1
Cycle Sequencing kit (Applied Biosystems) for dye ter-
mination cycle sequencing and were purified with Dye
Ex 2.0 Spin kit (Qiagen). Forward and reverse sequences
were generated with an ABI 3130 Genetic Analyzer instru-
ment (Applied Biosystems) and aligned using CodonCode
Aligner (CodonCode Corporation, version: 4.0.3). Se-
quences of individual Culicoides midges were identified
using BLASTn search available via NCBI GenBank, and se-
lected for maximal identity.
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Stored peptide pellets were dissolved in 5 μL (obsoletus
group) or 10 μL (pulicaris group or C. nubeculosus) of
50% ACN containing 0.1% FA. One microliter aliquots
of the peptide solutions were mixed with 1 μL α-Cyano-
4-hydroxycinnamic acid (HCCA) matrix in a reaction
tube and spotted onto a ground steel MALDI target
(Bruker Daltonics). The MALDI matrix solution was
prepared by dissolving 5 mg HCCA in 1 mL 60% ACN
containing 0.1% trifluoroacetic acid (TFA). Samples were
allowed to dry for several minutes before MALDI-TOF-
MS measurements were performed. SMM spectra were
obtained on a MALDI-TOF/TOF mass spectrometer
(Ultraflex III™, using FlexControl software version: 3.0;
Bruker Daltonics, Bremen, Germany). The laser was op-
erated at a frequency of 100 Hz. Positive ionization and
reflector mode were employed for MALDI-TOF-MS
measurements of peptide mixtures with deflection of
ions with m/z less than 450. Spectra from 20,000 laser
shots per spot were automatically and cumulatively ac-
quired in the m/z range from 700 to 4,020 Da. Peptide
Calibration Standard II (Bruker Daltonics) was used for
external calibration of the mass spectra, resulting in a
mass accuracy of generally better than 50 ppm.
An IPP spectrum of one Culicoides was obtained using
the same MALDI-TOF/TOF mass spectrometer as for
the SMM measurements. For comparability, protein ex-
traction was carried out as described in the previous
section, with the exception that DTT and IAA were dis-
solved and added to the reaction tube in 100 mM (NH4)
HCO3 containing 7 M urea to maintain protein denatur-
ing conditions. Proteolysis by trypsin was omitted. Purifi-
cation and spotting of the protein sample was performed
as described above. For MALDI-TOF-MS measurements
of the protein mixture, positive ionization and linear mode
were employed with deflection of ions with m/z less than
1,400. Spectra from 10,000 laser shots per spot were auto-
matically and cumulatively acquired in the m/z range from
1.4 to 16 kDa. Protein Calibration Standard I (Bruker
Daltonics) was used for external calibration of the mass
spectra.
LC-ESI-MS/MS
The residual digested homogenate of one Culicoides was
vacuum-dried and dissolved in 20 μL 0.1% FA. 5 μL of
the sample (0.4 μg/μL) were analyzed using reversed-phase
nanoscale liquid chromatography tandem mass spectrom-
etry on a NanoAcquity UPLC system (Waters Corporation,
Milford, USA) connected to an LTQ-Orbitrap XL ETD
(Thermo Fisher Scientific, Waltham, USA) equipped with
a TriVersa Nanomate nano-ESI source (Advion, Ithaca,
USA) as described recently [47]. Briefly, samples were con-
centrated on a trapping column (nanoAcquity UPLC col-
umn, C18, 180 μm x 20 mm, 5 μm, Waters, Milford, USA)with water containing 0.1% formic acid at a flow rate of
15 μL/min. After 7 min, peptides were eluted onto the
separation column (nanoAcquity UPLC column, C18,
75 μm × 150 mm, 1.7 μm, Waters, Milford, USA). Chro-
matography was performed with 0.1% formic acid in sol-
vents A (100% water) and B (100% ACN), with peptides
eluting over 90 min LC-MS runtime with a 2–85% solvent
B gradient. The flow rate for separation was 300 nL/min.
For MS analysis, continuous scanning of eluting pep-
tide ions was carried out in a mass range m/z 300–1,600
with automatic switching to CID-MS/MS mode on the
six most intensive ions exceeding an intensity of 3,000.
Additionally, for CID-MS/MS measurements, a dynamic
precursor exclusion of 3 min was applied.
LC-MALDI-TOF-MS/MS
For offline nano-HPLC/MALDI MS/MS analyses, the
same nano-HPLC and the same gradient were used as
for nano-ESI-MS/MS analyses. The eluted samples were
fractionated post column (30 s per spot). Fractions were
manually spotted into 1 μL of ACN (50%) containing
0.1% FA onto an AnchorChip target (600/384 T F,
Bruker Daltonics, Bremen, Germany) and 0.5 μL HCCA
(0.7 μg/μL in 85% ACN, 0.1% FA, 1 mM (NH4)H2PO4)
were added. MALDI-MS/MS analysis was conducted as
described in Kalkhof et al. [48]. Briefly, MS spectra for
each fraction were acquired in the m/z range from 700
to 4,020. For each spectrum, 10,000 laser shots were
accumulated automatically. Data acquisition and data
processing were carried out via FlexControl 3.0 and
FlexAnalysis 3.0 software. For all detected peptide sig-
nals with a signal-to-noise ratio larger than 10, the spots
showing the highest intensity for the respective precur-
sor ion were automatically selected and subjected to
MALDI-LIFT TOF/TOF-MS/MS by WarpLC 1.0 (Bruker
Daltonics, Bremen, Germany) software. For precursor ion
isolation, laser shots were accumulated until either a
signal-to-noise ratio (SNR) > 30 or a total of 2,100 shots
were obtained. For MS/MS spectra, laser shots were gath-
ered until either 8 fragments achieved an S/N > 20 or 2,100
shots were accumulated.
LC-ESI-MS/MS data analysis
For protein identification, database searches were carried
out against a concatenated target/decoy database, which
contains all dipteran species entries of the NCBI database
(http://www.ncbi.nlm.nih.gov, 03–2013). Searches were
performed using Mascot (version: 2.3.01, Matrixscience,
London, UK). For ESI-MS/MS data analysis, Proteome
Discoverer (version 1.2, Thermo Scientific) was used as an
interface as well as for further analysis such as data filter-
ing based on false discovery rate (FDR) and Mascot score
and for protein and peptide grouping. Both the protein
and the peptide FDR specification were controlled to be
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applied.
For LC-MALDI-MS/MS runs, Mascot searches were
utilized by the Biotools software (Bruker Daltonics, ver-
sion: 3.0). Based upon the identification results, a final
protein list with a controlled FDR below 0.05 was cre-
ated using the WARP LC software.
For peptide identification, maximum mass deviations
of either 10 ppm for ESI-MS, 100 ppm for MALDI-MS,
0.8 u for ESI-MS/MS or 0.5 u for MALDI-MS/MS were
set. Furthermore, search parameters were set for detec-
tion of peptides with methionine oxidation, N-terminal
acetylation (optional modifications) and cysteine carba-
midomethylation (static modification) and a maximum
of two tryptic missed cleavage sites.
Data processing
All data processing except the MS/MS data was done in
R (version: 3.0.2; [49]). The complete R scripts to repro-
duce the analysis can be downloaded from http://sgibb.
github.io/Culicoides/. The raw spectra data are available
from http://dx.doi.org/10.6084/m9.figshare.801878.
Mass spectrometry data preprocessing
The externally calibrated raw spectra were imported into
R using the MALDIquantForeign R package (version:
0.5.1; [50]). Spectra were preprocessed using the MAL-
DIquant R package (version: 1.8; [51]). First, a square
root variance-stabilizing transformation combined with a
7-point moving average smoothing was applied and
baseline correction was conducted using the TopHat
algorithm. Next, to enable intensity comparison between
different spectra, Total-Ion-Currents (TIC) were equal-
ized and peak detection was performed. To adjust for
m/z-shifts, especially for different days of recording, the
spectra were recalibrated by applying individual quad-
ratic warping functions. The warping functions were ob-
tained by aligning spectra using automatically determined
reference peaks (MALDIquant; [50]). To detect monoiso-
topic peaks, an algorithm based on the artificial average
amino acid “averagine” [52] and the isotopic-peak-ratio
[53] was employed. The monoisotopic peaks were filtered
based on the half-decimal-place-rule (HDPR) [54,55] to en-
sure that only peptides were analyzed. For this, the cleaver
R package (version: 1.0.0; [56]) was used to in silico digest
the reference proteome of Drosophila melanogaster that
was downloaded from the UniProt database [57].
After digestion, the monoisotopic mass of the peptides
was calculated by the BRAIN R package (version: 1.8.0;
[58]). A robust linear regression provided by the MASS
R package (version: 7.3.29; [59]) was used to find the
correlation of m/z-values versus their decimal-places in the
relevant mass range of 700 to 4,000 Da. Since the slopes of
the regression models of the Drosophila melanogasterproteome and the experimental data differed significantly
(4.9 × 10-4 vs. 5.3 × 10-4), the latter was chosen as a basis
for the subsequent filtering in order to avoid the inad-
vertent removal of peptide peaks. The Drosophila mela-
nogaster dataset was used to determine a tolerance range
containing 98% of all peaks. All peaks outside this de-
fined range (±0.2 u) were removed from the experimental
dataset (see Additional file 2 Figure S1). The remaining
monoisotopic peaks were binned within a m/z window of
200 ppm. All peaks occurring in only 1 of 3 technical
replicates were removed to reduce false-positive/noise-
derived peaks. The technical replicates were averaged
for each individual. Finally, a peak matrix and a binary
peak matrix were created.
Unsupervised data analysis
The binary peak matrix was used to calculate pairwise
spectra similarities using Dice coefficients [60] provided
by the proxy R package (version: 0.4-10; [61]). The
Dice similarity coefficients were calculated according
to D = 2Nm/(Na +Nb), with Nm for the number of match-
ing peaks in A and B and Na, Nb for the total number of
peaks in the respective spectra. Subsequently, an unsuper-
vised hierarchical clustering analysis using Ward’s mini-
mum variance method [62] and a bootstrapping analysis
(N = 1000) were applied. The binary peak matrix was used
for the Principal Component Analysis (PCA) as well. The
Principal Component Analysis and the plotting of the
main components were done using the vegan R package
(version: 2.0-7; [63]).
Supervised data analysis
With the intention of finding discriminating peaks (m/z-
values) to separate species or taxonomic groups, a linear
discriminant analysis was performed. In this case, the
shrinkage discriminant analysis (SDA) [64] was chosen be-
cause its predictor variables are ranked using correlation-
adjusted t-scores (CAT scores) [65], allowing simple and
effective ranking of peaks even in the presence of correl-
ation. For the analysis, the peak matrix was entered into
the sda R package (version: 1.3.2; [66]). This generates a
ranking of discriminating peaks for each species or taxo-
nomic group.
DNA sequence data analysis
The resulting fasta file of the PCR sequencing results
was imported and analyzed using the ape R package
(version: 3.0-11; [67]). To create the phylogenetic tree
based on the cytochrome c oxidase subunit I (COX1)
PCR results, the Kimura distance [68] was calculated
and a hierarchical clustering using the unweighted pair
group method with arithmetic mean (UPGMA) was per-
formed. This was followed by a bootstrapping analysis
(N = 1000).
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To show the applicability of Shotgun Mass Mapping
(SMM) for the differentiation of Culicoides species, 192
SMM spectra were recorded via MALDI-TOF-MS, using
peptide extracts prepared from 64 individual Culicoides
specimens from 7 different species (see Table 1). Using
monoisotopic peak detection, around 400 peaks per
spectrum were found on average in the m/z range be-
tween 700 and 4,020 Da. Upon visual inspection, Culi-
coides from the same species generally resulted in
similar spectra, but showed distinct patterns when com-
pared to spectra from other species. 7 exemplary spectra
from the 7 different Culicoides species are shown in
Additional file 3 Figure S2. Technical replicates yielded
close to identical spectra (data not shown).
Data from 2–14 female specimens of each species that
had been morphologically identified and corroborated by
PCR-analyses (n = 64), were used for a hierarchical clus-
ter analysis, yielding a dendrogram and a similarity
matrix (Figure 1). Although C. scoticus and C. obsoletus
could clearly be separated from all other species, distinc-
tion between spectra from these two species was not
achieved using MALDI-TOF-MS. For comparison, pos-
sible phylogeny inferred from genomic (partial COX1
gene sequence) and proteomic SMM data is repre-
sented by the dendrograms shown in Figures 2A and
2B, respectively.
To evaluate the peak matrix with a different, independ-
ent method, a principal component analysis (PCA) of all
64 spectra was performed. Species groups (Figure 3A) as
well as individual species within these groups (Figure 3B
and C) were distinguishable, with the exception of C. obso-
letus and C. scoticus, which could not be separated, and
C. punctatus and C. pulicaris, which show some overlap in
their respective 95% concentration ellipses.
To identify discriminating peaks for the species and
species groups included in this study, a shrinkage dis-
criminant analysis (SDA) was performed resulting in a
ranked peak list outlined in Figure 4A and B (top 40 are
shown). The peak with the highest correlation-adjusted
t-score (CAT score) and therefore showing the strongest
influence in differentiating between species groups orTable 1 Abbreviations used for Culicoides species
Culicoides species (No. of specimens used) Abbreviation
C. dewulfi (14) C_Dew
C. pulicaris (10) C_Pul
C. newsteadi (10) C_New
C. punctatus (9) C_Pun
C. obsoletus (8) C_Obs
C. nubeculosus (10) C_Nub
C. scoticus (2) C_Scospecies appears at the top of the list. Every peak in the
SDA list possesses a certain discrimination potential,
nevertheless, no single peak was found that has exclusive
species or species group discrimination characteristics
except for certain peaks found in C. nubeculosus.
A section of 7 exemplary spectra from the 7 different
Culicoides species with marked peaks representing some
of the top 3 ranked SDA features for each species or
species groups was then collated (Figure 5). Not all
marked peaks belong to the top 40 (Figure 4). To gain a
greater insight into the resolution of the spectra and the
appearance of the ranked peaks, enlarged parts of the
spectra are shown in the lower portion (Figure 5).
Offline LC-MALDI-TOF-MS/MS and online LC-ESI-
MS/MS analyses were conducted to identify peaks. 238
and 250 peptides (peptide FDR < 1%) were identified by
LC-MALDI-MS and LC-ESI-MS, belonging to 21 and 22
proteins (protein FDR < 1%), respectively (data not shown).
Peaks of peptides identified via these LC-MS-based ana-
lyses were matched to the corresponding peaks in the
SMM spectra. In Figure 6, an example of a SMM spectrum
of C. punctatus is shown with 28 marked peaks, all of
which could be assigned to one of 5 proteins using identifi-
cations from offline LC-MALDI-TOF-MS/MS and online
LC-ESI-MS/MS. Identification of the peptides by a search
against the NCBI Diptera database was possible only be-
cause their respective sequences are identical to other dip-
teran families (e.g. Drosophila, Aedes or Anopheles), for
which the respective sequence databases are available. An
overview of the identified peptides is given in Table 2.
Discussion
In previous studies, MALDI-MS-based determination of
species affiliation for specimens from different arthropod
families had usually been performed on the basis of pro-
tein extracts using IPP [34-41]. For Culicoides species,
Kaufmann et al. [42] have recently demonstrated the
validity of this approach. Discrimination of different
Culicoides species by MALDI-TOF-MS is also possible
as shown in the current study using tryptic peptides de-
rived from extracts of whole specimens. At first glance
the two methods may seem to be redundant since they
rely on the same starting material (an unfractionated
extract) and evaluation of the resulting complex mass
spectra; however, it is important to note that the spec-
tral data used for analysis is derived from two different
subsets of the proteome. Whereas IPP relies on (natur-
ally occurring) low molecular weight proteins, SMM
spectra are based on peptides from only the most abundant
proteins (which are not present in IPP spectra as they
generally have sizes exceeding the MALDI-TOF-MS
detection limit).
While involving additional sample preparation steps,

























































































































































































































































































































































Figure 1 Results from cluster analysis. 64 spectra from biting midges of 7 different species were clustered using Dice coefficients. A colour
(heatmap) representation of the pairwise similarity (Dice) coefficients is shown. Above this, clustering of individual spectra, color-coded according
to species, are shown in a dendrogram. On the left side, the same dendrogram is shown but color-coded according to species group.
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http://www.parasitesandvectors.com/content/7/1/392discrimination between species due to greater resolution
and higher sensitivity to single amino acid substitutions.
This was practically confirmed in the current study by
spectra of a C. nubeculosus specimen that yielded 429
peaks on average by SMM (a representative section
shown in Figure 7C) when only 200 were detected on
average in the corresponding IPP spectra (exemplary
spectrum shown in Figure 7A). Furthermore, recording
spectra of tryptic peptides derived from larger Culicoides
proteins yielded fairly robust results for technical as well
as biological replicates. In contrast, IPP spectra are
known to behave in a less reproducible manner, since
ionization of proteins in the higher molecular range
(>10 kDa) is generally less efficient and prone to signal
suppression. This may be due to variations in matrix-
crystallization and co-crystallization of the sample [69]
and also to the presence of small, but varying, amounts
of contaminants that cannot be eliminated by the sample
preparation procedure (an ion-suppression effect).
From 69 initially prepared Culicoides specimens,
64 were analyzed via MALDI-TOF-MS. For the five
remaining specimens, species affiliation could either notbe determined by PCR, the PCR and entomological ana-
lyses provided contradictory results or the midges turned
out to be blood-fed (and were excluded from this study
on the assumption that a significant number of detect-
able peptides would stem from host proteins). One rea-
son for the difficulty in species determination via PCR, at
least for some cases, seems to be the inbuilt amplification
step, which renders this method susceptible to traces
of contaminating material. However, in order to avoid
this problem and also to extend the applicability of the
SMM method to blood-fed specimens, sample prepar-
ation could be modified to generally include a dissec-
tion step for removal of the insect’s abdomen before
preparing extracts, as had been reported by Kaufmann
et al. (2012) [42].
For the final analyses, monoisotopic peak detection
was carried out using a SNR cutoff value of 2, since fo-
cusing on the more intensive peaks (SNR > 3) led to less
differentiability between the species (data not shown).
Including peaks of lower intensity evidently seems to be
important for the discrimination of Culicoides species,
which is solely a result of the increased number of peaks
AB
Figure 2 Comparison of PCR dendrogram (A) and MS dendrogram (B). A: The PCR dendrogram is based on the COX1 DNA sequencing
data, suggesting a possible phylogeny for the different species. B: The MS dendrogram is based on the MALDI-TOF MS data. Percentages of
bootstrapping replicates supporting the location of individual nodes are indicated.




Figure 3 Scatterplot from unbiased PCAs using 64 spectra from midges of 7 different Culicoides species. Species-specific colour coding
corresponds to that shown in Figure 1. Spectra belonging to one species are outlined by convex shape. The dashed lines indicate 95% concentration
ellipses. A: PCA containing all spectra; B spectra from the obsoletus group only; C: spectra from the pulicaris group only.
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http://www.parasitesandvectors.com/content/7/1/392available for analysis. As can be seen in Figure 6, in
addition to peaks detected using a SNR > 2, each SMM
spectrum is densely packed with smaller, evenly spaced
peaks, however, these do not constitute electronically-
induced noise. Instead, they represent statistically dis-
tributed peptides of low abundance with (isotopically)
overlapping masses, reflecting the high complexity of the
proteomic sample. For any given peak standing out from
this peptide noise (i.e., with a SNR of 2 or higher), it can
be assumed that the intensity primarily originates from
one specific peptide whereas noise is minor. However,
the presence of additional peptides with the same mass
may compromise the ability to create unambiguous MS/
MS spectra for peptides at any given m/z value.
Since it is almost impossible to record high quality
MS/MS spectra from complete (and therefore highly
complex) proteomic samples using only MALDI-TOF-
MS/MS without prior sample fractionation, we included
a chromatographic separation step in the LC-MALDI-
TOF-MS/MS setup. While we were able to identify nu-
merous peptides, these stemmed from just five different
proteins that are known to be highly abundant multicel-
lular organisms. Identification in this case was possible
only because these peptides were strictly conserved with
respect to distantly related dipteran species including
Drosophila or Anopheles. Availability of a Culicoides
genomic database would ensure a larger number of iden-
tifications; however, for the identification of peptide se-
quences varying between different Culicoides species,genomic information for several of the respective species
would be required. In general, if no adequate databases
exist, discrimination of closely related species could be
enabled via limited sequencing of cDNA libraries. With
messages from abundantly expressed proteins contribut-
ing most to this sequence database, identification of
prominent tryptic peptides via fragmentation in an LC
ESI-MS/MS analysis can be expected to yield at least
some singular, species-specific entries.
To evaluate the peak matrix with a different, inde-
pendent method, a PCA analysis was performed. We
found that distinction between different species groups
as well as individual species was possible. A reason for
the incomplete separation of certain species in Figure 3B
and C may stem from a closer relationship between them.
For example, the smallest amount of base exchanges de-
tectable between the COX1 consensus sequences of any
two species was found for C. obsoletus and C. scoticus,
which were practically inseparable in the PCA analysis. Al-
though there is no doubt that these two constitute distinct-
ive species, we do not have enough sequence information
to make an unequivocal statement about their phylogeny
based on nucleotide or amino acid differences. In sum-
mary, discrimination between different species using prin-
cipal component analysis resulted in outcomes comparable
to those achieved by cluster analysis. Nevertheless, no
more than two different species should be included in one
analytical run, since the increasing complexity of the data-
set is not compatible with reduction to and graphical
AB
Figure 4 The top 40 ranked peaks and their corresponding CAT scores of the SDA analysis for Culicoides species (A) and species
groups (B). With highest ranking peaks near the top of the table, the length and direction of the horizontal blue bars indicate the CAT scores of
the centroid versus the pooled mean and as such describe the influence of a certain peak in differentiating between Culicoides species or species
groups. For example, the top-ranking peak in A contributes strongly to the separation of C. nubeculosus from all other species, as highlighted by
the length of the bar in the respective column (large positive CAT score) and the opposite direction of the bars in the columns from the bars of
the other species (negative CAT scores).
Uhlmann et al. Parasites & Vectors 2014, 7:392 Page 10 of 18
http://www.parasitesandvectors.com/content/7/1/392representation by only two principal components. In order
to avoid the limitations of this approach, we decided to rely
on cluster analysis for further data evaluation.
Despite several attempts in the past to establish phylo-
genetic status for the different Culicoides species, theseare still a matter of debate. Different Culicoides species
groups were analyzed and their phylogenetic relation-
ships deduced via internal transcribed spacer (ITS1 or
ITS2) [13-17] or mtDNA COX1 sequences [9-12]. Several
trees based on this limited genetic data were published,
AB
Figure 5 (See legend on next page.)
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(See figure on previous page.)
Figure 5 Sections of 7 representative MALDI-TOF MS spectra of the 7 Culicoides species. A: The vertical, dash-dotted lines marked
with an asterisk indicate monoisotopic peaks that are characteristic (but not exclusive) for one species (top 3 for each species). Likewise,
the vertical, dashed lines marked with a triangle denote monoisotopic peaks that are characteristic for one certain species group (top 3
for each group). B: Zooms for six exemplary peaks. Except for the peak at 2,253.260 Da the peaks shown are all ranked under the top 40
shown in Figure 4.
Uhlmann et al. Parasites & Vectors 2014, 7:392 Page 12 of 18
http://www.parasitesandvectors.com/content/7/1/392showing similarities, but also differences in kinship which
might have been caused by differences in the cluster al-
gorithm, species selection, gene, or sequence length
[8,9,14-17]. While it is reasonable to assume that some
species are more closely related than others and thus
form groups, there is still uncertainty about which species
should be considered to belong to a species complex as
well as about the relationships within already established
complexes or groups. As is the case for most arthropod
families, the scarcity of genomic data precludes establish-
ing reliable phylogenetic relationships and schematic mo-
lecular trees for Culicoides such as those available for
Drosophila at Flybase [70] or The database on Taxonomy
of Drosophilidae [71]. Currently, a first step to establish a
genomic database for Culicoides is being taken by the
Genetics and Genomics group of the Pirbright Institute,
where the C. sonorensis genome is being analyzed [72].
From the partial sequences of the mitochondrial COX1
gene (alignment shown in Additional file 4 Figure S3) that
were obtained in order to identify the midges, we wereFigure 6 MALDI-TOF MS spectrum of a representative specimen of C.
by offline nano-HPLC-MALDI MS/MS are indicated. For better illustration, th
△ = ATP-Synthase alpha subunit (mitochondrial); ▽ = ATP-Synthase beta subalso able to derive a cluster dendrogram based on se-
quence similarity (Figure 3). This PCR-based tree, as well
as the MS-based tree substantiates the assignment of the
different species into the pulicaris and the obsoletus
group. According to a recently published genetic analysis
of three different loci, C. dewulfi had been suggested not
to be considered a member of the obsoletus complex [73].
Since the PCR-based dendrogram, the MS-based dendro-
gram as well as the PCA analysis imply a fairly close rela-
tionship between C. dewulfi and C. obsoletus/C. scoticus,
our results do not suggest the exclusion of C. dewulfi from
the obsoletus group. However, the low bootstrap values
for the nodes close to the root of the COX1 sequence-
based dendrogram do not sufficiently support the arrange-
ment of the branches. Hence, it is difficult to assess its
accuracy with respect to the implied phylogeny.
The two species C. scoticus and C. obsoletus are consid-
ered indistinguishable by morphology based on their wing
pattern. Nevertheless, a recent morphometrical analysis
based on 4–15 variables concluded that these two speciespunctatus. Peaks representing the peptides of five proteins identified
e m/z range from 2,100 to 2,280 Da has been magnified. x = actin;
unit (mitochondrial); ○ =myosin; □ = tropomyosin.
Table 2 Identified peptides of C. punctatus using offline nano-HPLC-MALDI-TOF-MS/MS and nano-HPLC-Orbitrap-MS/MS
LC-MALDI LC-Orbitrap
Name Sequence MH+ [Da] Δ m [ppm] S/N RT [min] MH+ [Da] Δ m [ppm] RT [min] Modification Identical to peptide in
species of the genus:
Actin AVFPSIVGRPR 1198.71 3.398 6835.5 39.65 1198.707 0.971 37.26 Droso., Culex, Bact., Aedes,
Anoph., Belgica, Cerat.
Actin GYSFTTTAEREIVR 1629.82 −3.862 472.8 40.02 1629.826 1.764 38.76 Maye., Culex, Culi., Bact., Psoro.,
Chiro., Anoph., Ochler., Wyeo.,
Simu., Teleo.
Actin SYELPDGQVITIGNER 1790.89 2.934 1177.2 50.08 1790.897 2.800 47.17 Anas., Chiro., Teleo., Bact., Culi.,
Anoph., Calli., Simu., Psoro.,
Manso., Pseudo., Droso.,
Aedes, Belgica, Culex, Cerat.
Actin VAPEEHPVLLTEAPLNPK 1954.06 28.501 1477.5 43.24 1954.068 1.648 42.42 Anoph., Lirio., Droso., Culex,
Bact., Aedes, Belgica, Cerat.
Actin DLYANSVLSGGTTMYPGIADR 2201.05 17.826 285.1 53.18 2201.064 4.359 53.34 Anas., Bact., Anoph., Droso.,
Aedes, Culex
Actin TTGIVLDSGDGVSHTVPIYEGYALPHAILR 3151.64 23.668 645.9 56.12 3151.655 4.088 54.96 Simu., Clui., Anoph., Psoro.,
Culex, Ochler., Manso., Toxor.,








TALAIDTIINQQR 1456.81 −19.470 171.9 48.78 1456.819 5.182 48.99 Aedes aegypti
ATP-Synthase alpha
unit (mit.)




TGAIVDVPVGDELLGR 1610.88 11.787 158.8 53.04 1610.880 3.067 53.34 Droso., Aedes, Cerat.
ATP-Synthase beta
unit (mit.)
FTQAGSEVSALLGR 1435.75 −61.429 314.7 48.38 1435.758 2.830 48.06 Droso., Sarco., Cerat., Aedes
ATP-Synthase beta
unit (mit.)
VALVYGQMNEPPGAR 1601.81 8.391 454.4 38.77 1601.816 3.312 37.69 Droso., Sarco., Cerat. Aedes
ATP-Synthase beta
unit (mit.)
VALVYGQMNEPPGAR 1617.81 −13.445 137.7 32.82 1617.808 1.453 31.54 M8 (Oxidation) Droso., Aedes, Cerat.
ATP-Synthase beta
unit (mit.)




VLDTGYPIRIPVGAETLGR 2027.13 −3.416 395.8 52.22 2027.133 2.086 52.20 Droso., Cerat.
ATP-Synthase beta
unit (mit.)
IPSAVGYQPTLATDMGTMQER 2266.08 −54.675 220.4 48.05 2266.094 4.281 48.07 Drosophila virilis


















Table 2 Identified peptides of C. punctatus using offline nano-HPLC-MALDI-TOF-MS/MS and nano-HPLC-Orbitrap-MS/MS (Continued)
Myosin AFDKIIGEWK 1206.65 −41.827 234.5 48.73 1206.652 −0.017 44.71 Anoph., Droso., Culex, Bact.,
Aedes, Cerat.
Myosin VRELENELDGEQR 1586.78 16.930 273.4 29.40 1586.777 −0.266 27.03 Droso., Cerat.
Myosin LKGAYEEGQEQLEAVR 1819.92 −49.529 476.0 34.48 1819.919 0.008 32.13 Droso., Culex, Cerat., Anoph.,
Aedes, Bact.
Myosin NLADEVKDLLDQIGEGGR 1941.99 −10.703 46.7 64.00 1941.996 4.029 63.64 Droso., Culex, Anoph., Aedes,
Cerat., Bact.
Myosin LKVDDLAAELDASQKECR 2061.03 −0.848 353.1 45.20 2061.038 0.836 42.54 C17 (Carbamidomethyl) Droso., Culex, Cerat., Anoph.,
Aedes, Bact.
Myosin AKLEQTLDELEDSLEREK 2146.09 −0.126 166.2 57.37 2146.094 2.959 54.49 Dros., Culex, Cerat., Aedes,
Anoph.
Myosin TALLDSLSGEKGALQEYQEK 2180.11 −47.922 94.5 46.60 2180.114 2.789 46.41 Anoph., Culex, Aedes
Myosin GSLEDQVVQTNPVLEAFGNAK 2216.12 18.550 83.9 56.62 2216.123 1.770 56.65 Droso., Anoph., Cerat.
Myosin AQQELEEAEERADLAEQAISK 2358.14 −49.243 841.3 47.22 2358.148 2.661 47.08 Droso., Cerat.
Myosin AQQELEEAEERADLAEQAISKFR 2661.31 25.032 37.3 53.59 2661.323 4.107 53.49 Droso., Cerat.
Tropomyosin SLADEERMDALENQLKEAR 2218.08 26.636 46.3 44.13 2218.081 1.916 43.17 Chiro., Culex
Table contains only those identified peptides visible as a peak in the SMM spectrum obtained using unfractionated extracts. Droso. : Drosophila, Bact.: Bactocera, Anoph.: Anopheles, Cerat.: Ceratitis, Maye.: Mayetiola,
Culi.: Culicoides, Psoro.: Psorophora, Chiro.: Chironomus, Ochler.: Ochlerotatus, Wyeo.: Wyeomyia, Simu.: Simulium, Teleo.: Teleopsis, Anas.: Anastrepha, Calli.: Calliphora, Manso.: Mansonia, Toxor.: Toxorhynchites,



















Figure 7 IPP spectra vs. SMM spectra of C. obsoletus. A: Complete IPP spectrum of a C. nubeculosus specimen from m/z 1.6-16 kDa with ca.
200 detectable peaks. B: A zoom of the m/z range from 1,600-4,020 Da of the IPP spectrum is depicted. This corresponds to the range where the
IPP and SMM spectra overlap, ca. 100 peaks are detectable. C: The same range shown for an SMM spectrum of a specimen of the same species;
ca. 260 peaks are detectable.
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http://www.parasitesandvectors.com/content/7/1/392can be discriminated from each other [7]. In contrast to
the results from this study and our own PCR-based results,
it was not possible to distinguish between C. obsoletus and
C. scoticus using MALDI-TOF-MS data. This could be ex-
plained by the small number of individuals of C. scoticus.
Since the two species were only distinguishable via PCR
analysis and sequencing, it was not possible to select adefined number of specimens of these two species. Al-
though our limited MS data precluded discrimination, we
predict the feasibility of a proteomic approach using more
specimens and thus more SMM spectra of C. scoticus, as
had been shown by Kaufmann et al. using IPP [42]. A
much better distinction between C. obsoletus and C. scoti-
cus could be obtained after filtering out peaks that were
Uhlmann et al. Parasites & Vectors 2014, 7:392 Page 16 of 18
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species and performing a hierarchical cluster analysis based
on the filtered peak tables (data not shown). One has to
take into account that the filter was not applicable for
C. scoticus, since only two respective specimens could be
identified for this study. According to our present results,
with a larger number of samples it should be possible to
create a master peak list for each species that could be used
to instantly identify unknown specimens by their SMM-
spectra in a manner analogous to the workflow that had
been implemented for IPP-spectra in a commercial appli-
cation (SARAMIS™, AnagnosTec, Potsdam).
The genetic analysis resulted in the separation of
C_pul_5 from the other specimens of C. pulicaris
(Figure 2A). The divergent sequence is nearly identi-
cal (99%) to the sequence of a cryptic species, provi-
sionally named C. pulicaris P3, which has recently
been identified [8], and is sufficiently different from
those of the other species studied here (Additional
file 4 Figure S3). Using MALDI-MS, a discrimination
of the two sister taxons could not be achieved. Apart
from a possibly higher degree of relatedness, the rea-
son for this could be the insufficient number of specimens
belonging to C. pulicaris P3. Further investigation with a
higher number of specimens is needed to show whether
C. scoticus and C. obsoletus or the two sibling species of
C. pulicaris can be differentiated from each other.
Conclusions
In the present study, we demonstrate that MALDI-TOF-
MS reliably discriminates between Palearctic Culicoides
vector species. Furthermore, it provides a cost-effective
method that allows a rapid high-throughput processing
of samples. Possibly due to the low number of available
specimens, the closely related species C. scoticus and
C. obsoletus and the two sister taxons of C. pulicaris de-
tected in this study could not be distinguished. We have
shown that PCR- and SMM-analyses can be performed
from the same extract of a biting midge without the ne-
cessity for previous dissection. The complete analysis is
reproducible using MALDIquant, an R-based tool for
analysis of mass spectrometry data. Several peptides
strictly conserved between certain mosquito or fly spe-
cies and Culicoides species could be identified via
MALDI-MS/MS after previous separation by nano-HPLC.
Although we were also able to obtain several MS/MS spec-
tra for peptides with at least some species-discriminating
potential, these could not be correlated to known peptide
sequences, the most probable reason for this being that the
available databases do not comprise Culicoides-specific
(and thus species-specific) gene or protein sequences. With
a complete Culicoides genomic dataset becoming available
in the near future, a substitution-tolerant database search
should at least ameliorate this situation.Additional files
Additional file 1: Table S1. Primer sequences for COX1 – region. * see
Dallas et al.
Additional file 2: Figure S1. A scatter plot of the monoisotopic mass
and corresponding decimal place of all peptides detected by
MALDIquant in the Culicoides spectra. Peaks represented by a cross lie
outside the tolerance range (±0.2 u from regression line) and were
excluded from further analysis. HDPR: half decimal place rule.
Additional file 3: Figure S2. Comparison of 7 MALDI-MS spectra, m/z
700–4020. Each spectrum was obtained from one representative specimen
of one Culicoides species used in this study.
Additional file 4: Figure S3. Alignment of COX1 genomic sequences.
Each sequence is derived from one representative specimen of one
Culicoides species used in this study. The unique sequence obtained from
the specimen of the cryptic species C. pulicaris P3 (specimen C_pul_5)
has also been included. For better comparison, the consensus sequence
is shown; nucleic acids (NAs) shown in pink in the respective sequences
coincide with arbitrary positions in the reference sequence.
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